This study focuses on the population and behavioral ecology of the endangered great crested newt in its natural forest habitat in Finland. I also explored the characteristics of the smooth newt and compared the two species. They are closely related but occur with different abundances in the same environments.
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INTRODUCTION

Amphibians in changing world
The global decline of numerous amphibian species has been widely documented (Houlahan et al. 2000 , Stuart et al. 2004 , Lips et al. 2006 , Pounds et al. 2006 . The decline has been linked to the loss and degradation of terrestrial and aquatic habitats (Stuart et al. 2004, Beebee and Griffiths 2005) , poor dispersal abilities (Sinsch 1990 , Gibbs 1998 , Kovar et al. 2009 ), diseases, introduced species (Beebee and Griffiths 2005 , Denoël and Lehmann 2006 , Denoël and Ficetola 2008 , high mortality rates in inhospitable terrains (Fahrig et al. 1995 , Carr and Fahrig 2001 , Stevens et al. 2006 , Eigenbrod et al. 2008 , Cosentino et al. 2011 , and a fairly narrow tolerance of abiotic conditions (Semlitsch 2000, Houlahan and Findlay 2003) which also makes amphibians vulnerable to changes in terrestrial habitats.
Habitat connectivity has been proposed as the main factor determining survival of viable populations at the regional level (Hanski and Ovaskainen 2000 , Eycott et al. 2012 , Van Buskirk 2012 . In fragmented landscapes, the low recruitment of dispersing individuals has been thought to play a major role in the decline and extinctions of amphibian populations (Vos and Chardon 1998, Bulger et al. 2003) . The importance of connectivity for habitat recolonization by local amphibian populations is documented in many cases (Skelly et al. 1999 , Trenham et al. 2003 , Gould et al. 2012 . While structural connectivity refers to the spatial arrangement of different habitat types in a landscape, functional connectivity addresses the behavioral response of individuals to the physical structure of the landscape (Wiens 2006) .
In Europe, 59 % of amphibian species have declining populations, and nearly a quarter of amphibian species are considered threatened (Houlahan et al. 2000 , Denoël and Ficetola 2008 , Temple and Cox 2009 . The main drivers of the decline are habitat loss and degradation, as indicated by the fact that more than 60 % of freshwater habitats have an unfavorable conservation status in Europe (European Commission 2009, Temple and Cox 2009) .
Many amphibians spend part of their life cycle in terrestrial habitats, while breeding may take place in aquatic habitats. Thus, amphibian species that live in small water-bodies in forested landscapes are affected by the management of the surrounding forests. For example, intensive harvest operations (thinning and clear-cutting) may profoundly change the abiotic conditions of the forests. If management also includes soil preparation measures, these may affect the dispersal and overwintering of amphibians directly. Forest thinning causes changes in tree species composition and forest floor properties, such as the amount of dead wood and composition and coverage of understory vegetation. Clear-cuts result in more dramatic consequences and lead, in many cases, to large-scale habitat modification and may also cause direct mortality by forestry machines (Bol 2007) . At the landscape level, habitat fragmentation caused by forest management reduces the size of habitat patches and increases patch isolation and, hence, extinction risk through the reduction of genetic and demographic input from immigrants (Lande 1988 , Gulve 1994 , deMaynadier and Hunter 1998 .
Breeding ponds are typically seasonally dynamic or even ephemeral habitats. In amphibians, the facilitation of connectivity is, thus, of primary importance because a pond might desiccate in summer due to dry weather conditions and a high connectivity facilitates the recolonization of ponds. In recent decades, human activities have resulted in massive changes at the landscape level with the expansion of transportation networks, agriculture and urban areas. For many species, this means a reduction in the quality and quantity of the habitat and matrix (Fahrig 2007) . Intervening areas between the ponds are homogenous and unsuitable only in the most heavily modified landscapes. Often, a matrix is a composition of a variety of habitats of varying quality (Wiens 2006) .
Many amphibian studies have shown that the presence or abundance of a species correlates with the distance to the nearest forest (Guerry and Hunter 2002 , Weyrauch and Grubb 2004 , Rannap et al. 2012 . This relationship is typical in human-dominated landscapes (Guerry and Hunter 2002) where the habitats adjacent to ponds are normally comprised of a mixture of fields, grazed fields, gardens, woodland pastures and forest patches. In natural landscapes, though, the pond network is often embedded in a forested matrix. However, a forest is not a homogenous environment for the newt. The quality of a forest as a migration route through terrestrial habitats varies due to natural variations in vegetation cover or as a result of forest management activities (Patrick et al. 2008 ).
Study species
The studied species belong to the subfamily Pleurodelinae of the family Salamandridae. The distribution of the great crested newt, Triturus cristatus (Laurenti, 1768) covers most of central Europe reaching southern Scandinavia and the Baltic countries. In the east it extends as far as south-western Siberia (Arntzen et al. 2009b ). The distribution area of the smooth newt, Lissotriton vulgaris (Linnaeus, 1758) is wider and covers most of Europe, excluding the Iberian Peninsula. In the north is reaches further into Scandinavia and extends further east into Russia than the great crested newt (Arntzen et al. 2009a) .
The annual life cycle of both species involves the usage of both terrestrial and aquatic habitats. Ponds are used for breeding and foraging and they serve as a larval habitat. Larvae live only in ponds until they develop into metamorphs. The best breeding ponds are fishless and relatively nutritious, with a pH above 5. Adult newts spend most of their life cycle in terrestrial habitats, which are used for dispersal, hibernation and foraging. Preferred terrestrial habitats are covered by vegetation; with the shelter provided by understory vegetation especially important. Open sites are avoided (Halley et al. 1996 , Gustafson et al. 2009 , Vuorio et al. 2013 , Vuorio et al. 2015 . Both species share similar seasonal and daily activities. However, the smooth newt has a wider pH tolerance, it has a considerably smaller body size than the crested newt, it can breed in smaller water bodies that may dry out seasonally, and can also breed in larger lakes in the presence of fish (Dolmen 1988) .
There is a local overlap in the distribution and habitats of the two species, and both are generalist predators (Griffiths and Mylotte 1987, Skei et al. 2006) . They occur sympatrically in northern European forest ponds (Denoël et al. 2013 ). However, their distribution and areas of occupancy are quite different. In Finland, the crested newt has a very restricted distribution of 16,600 km 2 (minimum convex polygon) in the east and south, while the smooth newt is much more widespread and is distributed over 212,000 km 2 (Arntzen et al. 2009a , Arntzen et al. 2009b , Vuorio 2009 , AmphibiaWeb 2014 .
Newts have a characteristic pattern of seasonal movement between their terrestrial hibernation sites and the aquatic breeding sites and may be highly dependent on the quality of the terrestrial habitats providing access to these sites (Van Buskirk 2005 , Patrick et al. 2006 . Semlitsch (2008) defines the primary adult amphibian migration as "reoccurring movements from overwintering sites to ponds to breed in addition to the return of females and males to terrestrial habitats". Migrations may also occur between overwintering sites, foraging areas, and summer habitats (Lamoureux et al. 2002 , Semlitsch 2008 . Typically, the migration of adults is non-random; they enter and exit the pond in the same place and have a preference for particular travel routes (Müllner 2001 , Sztatecsny and Schabetsberger 2005 , Rittenhouse and Semlitsch 2006 , Freidenfelds et al. 2011 .
The great crested newt has been included in Annexes II and IV of the European Habitats Directive and has received a Species Action Plan (Edgar and Bird 2006) . This status calls for intensive research on the environmental factors that govern the distribution and abundance of newt populations, which is a prerequisite for effective conservation and management planning (Edgar and Bird 2006 , Denoël and Ficetola 2008 , Gustafson et al. 2011 . In Europe, the species is currently classed as critically endangered in the Czech Republic (Vlašín 2003) , Austria (Gollmann 2007) and Belgium (Belgian Species List 2015) , endangered in Finland (Terhivuo and Mannerkoski 2010) , Switzerland (Schmidt and Zumbach 2005) , Hungary (Vlašín 2003) and Slovakia (Vlašín 2003) and vulnerable in Norway (Dolmen 2010) , Estonia (Red Data Book of Estonia 2008), the Netherlands (Creemers 2003) and Romania (Cogălniceanu and Rozylowicz 2015) . Though the species is rare and has clearly declining populations in many parts of its distribution, it may still remain relatively common in suitable habitats (Arntzen et al. 2009b , Denoël 2012 ).
Aims of the research
Although the great crested newt has been the subject of several studies (Edgar and Bird 2006 , Karlsson et al. 2007 , Denoël and Ficetola 2008 , Gustafson et al. 2011 , our knowledge of the species' habitat requirements is still incomplete. First, the majority of the studies have been conducted in Central and Western Europe, where the species occurs in a human-modified landscape that is affected by agricultural intensification, expansion of infrastructure and fish stocking (e.g. Joly et al. 2001 , Edgar and Bird 2006 , Denoël and Ficetola 2008 . In these studies, the quality of forested vegetation on the surrounding breeding ponds has rarely been investigated in detail. In Fennoscandia, the species occurs at its northern range margin and generally occupies a forest-dominated landscape where the factors affecting the distribution and abundance of the newts are likely to be different, in comparison with the southern European populations (Gustafson et al. 2006 , Skei et al. 2006 , Gustafson et al. 2009 , Gustafson et al. 2011 .
Second, several modeling studies on amphibians and their relationships with habitat factors have employed presence-absence data (e.g. Pellet et al. 2007 , Denoël and Ficetola 2008 , Gustafson et al. 2009 , Hartel et al. 2010 , Gustafson et al. 2011 , Gomez-Rodriguez et al. 2012 ; but see Joly et al. 2001; Denoel and Lehmann 2006) . Presence-absence data are useful to assess distribution patterns of species and to detect changes in them. However, such data provide little understanding of the spatial and temporal dynamics in local populations (Beebee and Griffiths 2005) . Furthermore, presence-absence models do not distinguish poor habitats from higher quality sites with more abundant populations, which is important in conservation planning (Denoël and Lehmann 2006) . Third, where abundance data of the amphibians have been employed in the analyses, often only adult individuals have been considered (e.g. (Joly et al. 2001, Denoël and Lehmann 2006) . Improved understanding of the sites with the highest reproductive potential can be better achieved using estimates of abundance of juveniles (Knutson et al. 2004) . Such information provides more detailed estimations of the populations' long-term persistence dynamics and local population dynamics than number or density of adults alone.
In this work I have tried to fill the knowledge gap in regard to the ecology of the great crested newt in northern Europe. I have studied all the life stages of the newt from egg to adult. My study domain has covered both aquatic and terrestrial habitats as well as different temporal periods.
The study is based on four articles (referred hereafter as I, II, III and IV). The focus of the first article was to determine the effects of water level fluctuation and temperature on newt egg survival. In addition, I recorded new data in regard to the northern ecology of the newts, temperature preferences in relation to arrival at the pond, plant selection and the temperature range of oviposition.
The main research questions in article II were to determine (a) how terrestrial habitats affect the breeding success of the great crested newt, and (b) how accurately can breeding success be modeled using existing forest inventory data, in order to support the creation of suitable breeding ponds elsewhere? In addition, I investigated how well the breeding success of the great crested newt can be explained by simply using the size and isolation of a given pond.
Article III focused on the differences in terrestrial habitat use between the common smooth newt and the rare crested newt. I tried to clarify the responses of the two sympatric newt species to terrestrial habitat change, in particular to changes caused by intensive forest management. I hypothesized that the rare newt species would have a narrower use of habitats (intolerant) and to be affected more by forest management actions than the common one. Therefore, I asked a specific question "do the rare and common species differ in their occurrence patterns, in relation to the quality and structure of managed forests (age, fertility, cover of canopy and field layer) that surround breeding ponds?" I also wanted to know whether there is a change in the occurrence pattern of the two species in forest stands that are more distant from the pond; that is, are the buffer zone requirements similar for the common and rare species?
Finally, in article IV, I modelled the future prospects of this endangered species. Using detailed and fine-grained forest inventory data, literature sources and empirical field data from previous studies over a ten year period, I constructed a spatially explicit population model for the great crested newt in a boreal forest landscape. I studied the effect of temporal change on land-use intensity and landscape change on the population dynamics in four spatial data sets. Based on the analysis, I discuss meaningful management schemes to ensure the persistence of the breeding ponds and the ecological connectivity of breeding habitats at the landscape scale.
MATERIALS AND METHODS
Study area
In Finland, the great crested newt has a disjunctive distribution separated by a 400 km wide gap: (1) the region of Åland in the south-western archipelago with circa 30 breeding ponds and (2) eastern Finland with 70 breeding ponds. Articles I -IV concentrated on the central parts of the mainland distribution area located in eastern Finland, which has the highest density of known breeding ponds nationally. The most extensive area was covered in article II, which extends from the municipality of Tohmajärvi (62°10"N, 30°19"E) 120 km NNW to the Koli region (63°11"N, 29°49"E) as a 20-25 km wide belt ( Fig. 1 ) at 80-347 m elevation above sea level.
Eastern Finland is sparsely populated, dominated by wide-ranging boreal coniferous forests (i.e. 89.5 % of the total land area of North Karelia) and peatlands (Metla 2012) . Landforms are characterized by the Tuupovaara end moraine, an ice-marginal formation that evolved during the period of a freshwater Baltic Ice Lake 12,600-10,300 BP. Ponds in the study area largely originated from glacial processes, where large pieces of ice split from the retreating glacier and formed depressions when melting (Rainio 1983, Tikkanen and Oksanen 2002) . The area is characterized by sporadic, small groundwater-fed ponds, which act as breeding areas for the newts (Vuorio 2009 ). Biogeographically, the study area mainly belongs to the southern boreal vegetation zone, as only the northern portion extends to the middle boreal vegetation zone (Ahti et al. 1968) . The annual mean temperature in the study area ) is 2-3 °C and precipitation is 650-700 mm/year. The thermal growing season starts around May 2-7 and has a typical length of 155-165 days (Finnish Meteorological Institute 2015) .
Since the second half of the 20 th century, forests have been intensively managed for timber production, based on clear-cuts, soil scarification, planting or seeding new tree cohorts, and subsequent thinnings. Prior to this period, forests were commonly used for slash-burning (Heikinheimo 1915) . Slash-and-burn sites were abandoned after a few years and left to regenerate naturally (Björn 1991) . Currently, the vast majority of forests are commercially utilized and the known breeding ponds of the crested newt have a 75 m wide buffer zone where logging is restricted.
Methods
Oviposition, I
I studied the spatial and temporal distribution of newt eggs in four ponds under the following criteria: the pond was a known breeding area for the great crested and smooth newts, no drainage ditches were present, previous data from the pond was available (II and III) and they were forest ponds with a natural water level fluctuation. I placed two 1m wide transects across each pond starting at the shore line and extending to the center of the pond. The first transect was placed at the site where the first egg was found. The starting point for the second transect was placed at least 5m away from the first transect and extended to the site where the next egg was found.
Transects were checked by examining each transect from both sides so as not to disturb the transect itself. When a newt egg was found, the plant that the egg was laid on was recorded and identified by dropping a piece of white plastic with a running number and an attached weight to the base of the plant. The following were then noted; identity of the plant, whether the plant was dead or alive, the distance from the plant to the shore, the distance from the bottom of the pond to the egg and the distance from the egg to the surface of the pond. In subsequent visits only new eggs were counted. I measured the water temperature in the middle of the ponds using four data loggers (Hobo Pendant temperature/light 64 K data logger, Onset Computer Corporation) per pond at the depths of 10, 20, 40 and 80 cm. The temperature was recorded at one hour intervals. Water level was measured at the same time intervals using water level loggers (Hobo water level logger U20-001-01, Onset Computer Corporation), which were placed at the deepest point in each pond.
Breeding success, II
The initial 70 great crested newt breeding ponds were assigned to three groups each containing 23-24 ponds, according to their average breeding success in [2005] [2006] [2007] [2008] [2009] . From each of these three groups, 15-16 ponds were randomly selected for more detailed data collection. I collected data on forest mensuration, forest type in the vicinity of the ponds and several other pond characteristics, such as vegetation, pH, depth, pond bottom type and shading. The total number of selected ponds was 46, which were then re-surveyed twice using dip-netting to capture larvae (Briggs et al. 2006 , Skei et al. 2006 , Skelly and Richardson 2010 . A standard dip-netting method employs a 2m sweep at the shoreline. During the seven years (2005) (2006) (2007) (2008) (2009) (2010) (2011) of data collection, each pond was visited on average 4.98 (±0.27 SE) times. During each visit, sweeping was repeated on average 28.4 (±0.95) times in each pond. Dipnetting was always done once per pond at the beginning of August.
The number of ponds sampled each year varied from 21 to 46 due to pond's drying up and locating new breeding sites during the study. Breeding success is reported as the number of larvae caught per dip-net/ pond/ year. As the proportion of the sampled area out of the total pond area varied between ponds, the value for breeding success is not an explicit measure of the size of the larval population but an indicator of the overall breeding success of a pond.
Terrestrial habitat use, III
I mapped the terrestrial habitats, i.e. delineated the forest compartments of 46 ponds (see article II for details) where both newt species were known to breed. Eight of the ponds were selected for the drift fence study following two criteria: each pond should have at least three different terrestrial habitat types in the vicinity and the ponds should be relatively close to each other for logistical reasons. The selected ponds originated from glacial processes and varied in area between 390 and 3700 m 2 . I delineated the surroundings of each pond into three 25m wide zones that extended up to 75 m, starting from the shore line of each pond (Fig. 2) . The forest compartments at different distance zones formed the study units. Each of the six selected habitat types occurred at least three times within each of the three distance zones: 0 -25 m, 25 -50 m and 50 -75 m. The only exception was in the number of clearcuts; they were found only once in the first zone and twice in the second and third zones. Within each study unit, I randomly placed one to four traps. Each trap consisted of a drift fence that was 2-10 m long. The capture effort per area remained the same in each of the study units: 1 m of fence / 60 m 2 . The trap fences were made from 40cm wide green plastic tarpaulin strips. The lower edges of the strips were buried 5-10 cm underground and the fence was erected using metal stakes and cable ties. Fences were always parallel to the tangent of the closest point of the shoreline. Both ends of the fence had a 5L bucket inserted into the ground so that the rim reached the soil level. Buckets were half filled with water. Traps were checked once a day during the whole study period.
The breeding season started at the beginning of May when the ice cover over the ponds melted. The sampling period targeted the post-breeding migration prior to post-metamorphic migration. During 2010, I operated 132 traps (a total of 1135 m of fences). Trapping started on 1 June 2010 and ended on 30 June 2010. In 2011, trapping started on 9 June and ended on 20 July, with 135 traps operated (1130 m of fences). The different periods of data collection were taken into account in the data analyses, and recaptured newts were also excluded from the dataset. From each trapping unit, I collected compartment level data on canopy age and cover together with ground layer vegetation cover and nutrient levels. I placed on average 4.6 (± 0.170) plots / m 2 (808 in total) in each compartment to study the coverage of forest type indicator species (Hotanen et al. 2008 ).
Connectivity, IV
Four landscape scenarios were constructed to illustrate the anthropogenic impact on the environment: the historic landscape, the current managed landscape and two future scenarios. The landscapes form a gradient of land-use intensification. The historic landscape represents conditions before the start of intensive human activities; no permanent fields, loggings, roads, ditching or fish stocking of the smaller (< 1 ha) ponds. During this time, there were an estimated 163 ponds in the area. For this exercise, I assumed that the ponds contained fish as they were naturally connected to lakes by rivers or brooks. The rest of the ponds (unconnected), are considered to have been free from fish because they were formed on supra-aquatic land after the retreat of continental ice or due to desiccation (Rainio 1983 ).
The second landscape scenario represents the current landscape (as of 2011) with 183 ponds and represents an increase of 20 new ponds in comparison to the historic landscape. Four of the new ponds were excavated to mitigate the habitat loss of the great crested newt, while the rest were dug mainly for fish cultivation. All forests are commercially utilized; most of the peatlands are ditched, and there are roads, settlements and fields. Most importantly, fish have been stocked or spread widely in many ponds.
The future landscape scenario visualizes the study area in 2111. This scenario has two forest use variants, one with an 80-year logging rotation (future A) and another with a shortened 60-year rotation (future B). This scenario was used to simulate the predicted effect of climate change on tree growth and the impact of a new lower regulatory forest management approach. The typical and recommended management of Finnish forests is based on clear cuts and tree plantation, one or two thinnings and a final harvest of the forest stand at 80 years of age (Yrjölä 2002) .
My main source of spatial data was the 11 th Multi-source National Forest Inventory of Finland (MSNFI) compiled by the Finnish Forest Research Institute (Finnish Forest Research Institute 2013) . The data set of MSNFI is processed from field survey data, high-resolution satellite imagery, digital land-use maps and elevation models. As a result, there are several thematic raster maps available at 20 x 20 m resolution. From the MSNFI data, I used the following raster maps: stand age, site fertility class and soil type.
MSNFI data was supplemented by the data of fields (Maaseutuvirasto 2009 ), roads (Liikennevirasto 2012 ) and water bodies (SYKE 2013) . Based on these data sets, I compiled relevant landscape layers for the great crested newt.
Analysis
Oviposition, I
The temperature sum required from egg laying to hatching was modelled using laboratory data from literature sources (Griffiths and Dewijer 1994 , Kinne 2006 , Cvijanovic et al. 2009 . A temperature sum function (Eq. 1) was fitted to the data by adjusting the threshold temperature:
2 -6.6689x + 56.509 (R² = 0.9193) (Eq. 1)
Where H is the time required from egg laying to hatching (days), x is the effective temperature of the water at egg depth with a threshold value of 8.6 °C. The temperature curve for each pond and each date was fitted separately using the measured temperatures at 10, 20, 40 and 80 cm depths. Using the combination of hatching equation and temperature curves, I estimated the hatching date of each egg. I also measured the water level changes in the pond. If the water level lowered more than the vertical distance between the egg and bottom of the pond, the egg was considered to have dried up. Using this approach I was able count the number of eggs that stayed submerged until hatching. The flow chart of deduction is presented in Fig 5. 
Breeding success, II
I used generalized additive models (GAMs) to model the breeding success of the newt, by using calibrated breeding success as a response variable and the selected habitat characteristics as predictor variables. I applied the Gaussian probability distribution in GAM, which is a non-parametric extension of generalized linear models. GAMs are especially useful for detecting and describing nonlinear species-environment relationships (Hastie and Tibshirani 1986, Austin 2002) . Following Denoël and Lehmann (2006) , GAMs were mainly performed via the user interface GRASP (Generalized Regression Analysis and Spatial Prediction, Lehmann et al. 2003 ) embedded in S-PLUS (version 6.1 for Windows, Insightful Corp.). Prior to modeling, the correlations between the seven candidate predictors were tested in order to detect inter-correlated predictors. However, as all these correlations were well below 0.8 (cf. Denoël and Ficetola 2008) , all the environmental variables were employed in the model. Examination of residuals from the first model runs indicated that three ponds appeared to be statistical outliers in the analysis (see Lehmann et al. 2003) , and thus they were excluded from the final model building. The GAMs were generated in three main phases. First, a GAM with related newt abundance to the five habitat factors and the area of ponds was developed by using the stepwise procedure outlined above. Second, after developing this first GAM, the most reasonable ecological interaction variables were created based on species ecology by multiplying 1) herb-rich forest by the number of ponds and 2) unsuitable habitats by the number of young stands (cf. Crawley 2007). These two interactions were then entered in the first GAM one at a time, and the difference in the goodness of fit of the models with and without the interaction terms were tested using ANOVA. In the third step, GAMs with only pond area, or number of ponds in the neighborhood, or both, were modeled. Finally, the performance of these GAMs and the first GAM were compared and tested with ANOVA (Crawley 2007 ). 
Terrestrial habitat use, III
I tested the importance of different environmental properties and their interactions for the total number of captured newts and also for both newt species separately. Adults and juveniles of both species were pooled. The data consisted of counts, which had a Poisson distribution under independence. I fitted all models using a Poisson generalized linear mixed model (GLMM). Using logarithmic fence length as a predictor in the model implies that the coefficients give the relative effect to the newts per meter of fence. The model predictions can therefore be interpreted as relative estimates of newt individuals. In the initial model, zone, fertility, age, year, and logarithmic length of the fence together with all first-order interactions of categorical predictors were fitted as fixed effects, with a random constant at the nested levels of individual fences, compartments, and ponds. The final model was selected by removing variables or interactions of variables with the highest p-value one at a time, so that at the end only statistically significant variables remained. The pond-level variance was 0 and therefore the final model included a random constant only at the nested levels of individual fences and compartments. Therefore, the final model for the number of captures in year t for fence i in stand j around pond k was:
where the expected value can be written as
The term ′ includes the effects of fixed predictors and the random effects and have a normal distribution with a mean of 0 and unknown variances. Analyses were conducted using the statistical software package SPSS version 19.0 (IBM SPSS Statistics for Windows. Armonk, NY, USA).
Connectivity, IV
Stand ages in the future landscape scenarios were calculated using the reclass tool of the Spatial Analyst package of ArcGIS 10.1 software. At the start, stand ages were classified at ten-year intervals. Next, I selected those stands (pixels) were ready for harvest (i.e. at 60 or 80years). In the following 10-year period, cut stands were assigned an age value of 0 year; for other stands, ten years were added to their age. This stepwise reclassification was repeated ten times (from 2011 to 2111).
In the modeling, I concentrated on the general breeding potential of each pond, rather than on estimates of the numbers of larvae, juveniles or adults as they show large annual variations. Using the presence of fish (Fi), pH-value (pH), breeding success (Br) and the probability that a pond would dry out (Dr) (see article IV for details), I calculated the extinction value E for a pond with the following formula:
If either fish or pH variables had the value of zero, the pond was not suitable for breeding, i.e. the extinction coefficient is 1. If both fish and pH variables have a value of 1, then the value of extinction is defined by the sum of the breeding success and the probability of drying. The result of the formula was scaled to be between zero and one. The closer the result of the formula was to one, the greater was the extinction probability in a given pond.
The immigration potential (Im) of each pond was calculated in several steps. First, I estimated the descendant production potential for each pond using previously defined parameters:
Fi * pH * (Br + Dr) (Eq. 5)
The next step was to sum this descendant production potential within a 1 km radius of each pond. Immigration potential measures the isolation of a pond by also taking into account the number of ponds and their breeding success within the dispersal distance.
Connectivity (Co) of the landscape was calculated by compiling a spatial data layer where shelter-providing areas (forests and forested peatlands) were assigned a value of 1 (suitable for dispersal), while open areas, clear-cuts and fields, together with water bodies with fish were assigned a value of 0 (not suitable for dispersal). Thereafter, I calculated the proportion of areas suitable for dispersal within a 1 km radius of each pond. The selected 1 km dispersal distance is a widely used threshold for the great crested newt or related species dispersal (Kupfer and Kneitz 2000 , Oldham et al. 2000 , Trenham et al. 2003 , Van Buskirk 2005 .
The colonization C for each pond is the average value of the two parameters:
(Eq. 6) I also calculated the probability of successful breeding using the incidence of occupancy (Jp) (Hanski 1994) for each pond (p) with the above mentioned values of extinction (Ep) and colonization (Cp):
In order to examine the population dynamics of the great crested newt in a regional pond network, I used E and C values as probability estimates that ponds would become extinct or colonized. If a pond was unpopulated, it was colonized again with the probability of Cp. If a pond was a current breeding pond, the larvae population was prone to become extinct with the probability of Ep. Extinction and colonization events were decided by drawing a random number between zero and one from a uniform probability distribution. This random number was then compared with Ep or Cp. The extinction or colonization of ponds was recalculated for each pond using 20 time steps. The length of a time step was set at one year. This 20-year-long projection was replicated 50 times while keeping the landscape characteristics unchanged to determine the variation in pond occupancy. Population projections were modeled for all four landscape scenarios to study how population persistence depended on the regional landscape structure.
Computer simulations were carried out with SELES (spatially explicit landscape event simulator) software. SELES is a domain-specific computer language for modeling landscape dynamics (Fall and Fall 2001) .
RESULTS
Oviposition, I
I found the first newt eggs on May 18, 2014, six days after the arrival of the newts in the pond. The egg laying period lasted approximately one month. Most of the eggs (84 %) were laid on the dead leaves of grasses and sedges. Living plants were used as an oviposition substrate as soon as they emerged in late May. On June 2 and 9, 43 % and 63 % of the eggs respectively were laid on living plants.
The newts clearly favored the surface of the pond for oviposition, with 72 % of eggs found in the 0-19 cm (from the water surface) depth. Although very shallow sites (0-9 cm from the bottom of the pond) were seldom used for oviposition, four eggs of the total 614 were found from this depth.
The effect of cumulative heat summation (temperature above 5°C at 10 cm depth) on oviposition followed a sigmoidal curve (R 2 =0.907, p < 0.001):
(Eq. 8)
I found that early oviposition produced the best estimated hatching results. This success rate stayed high for a couple of weeks and then dropped dramatically in three out four ponds. One of the study ponds showed a clearly different pattern due to exceptionally low water levels after snow melt.
Breeding success, II
The final GAM explained 58 % of the total deviance in variation in newt breeding success. The correlation between the observed and fitted larval newt abundance values was notably high in the simple validation (r = 0.762, see Lehmann et al. 2003) , but somewhat lower in the four-fold cross validation results (r = 0.652). The main factor that explained breeding success was the area of herb rich forests. Subordinate contributions were related to the area of unsuitable habitats and shade (model contributions), and the highest proportion of broadleaved trees in a forest stand (single contribution).
The relationship between the area of herb rich forests and breeding success showed a positive correlation from one hectare upwards, and the ponds with the highest breeding success were also correlated with the highest proportion of broadleaved trees in a forest stand. In contrast, lower breeding success was associated with increases in shade, area of young forest stands and area of unsuitable habitats in the vicinity of the ponds.
GAMs that included only the pond area, or the number of ponds within a radius of 500 m, or both, explained only a very modest amount of the variation in newt breeding success (the percentage of explained deviance D 2 = 6.63, 8.31 and 14.16, respectively). Consequently, the final GAM with five habitat variables had a significantly better performance than the three GAMs with spatial variables (F-4.04 = 10.566, p = 0.000096, F-4.04 = 10.220, p = 0.00013, F-1.04 = 39.94, p = 0.0000075, respectively).
Terrestrial habitat use, III
I clearly found fewer newts from forests that were located far from the ponds. The captures of both species in the 0-25 m distance zone differed from those in the 25-50 and 50-75 m zones. Understory vegetation cover was related to the occurrence of the newts. On average, almost three times more individuals were captured from the high-cover sites in comparison to sites with the lowest vegetation cover (mean ± SE: 0.93 ± 0.154 and 0.32 ± 0.075, respectively; p = 0.003). The difference in capture rates for the two newt species was apparent in low vegetation cover sites; those sites were clearly avoided by great crested newts but not by smooth newts, which were found three times more frequently than great crested newts in those sites (interaction for species x understory cover, p = 0.001).
Although I did not capture great crested newts in the clear-cut areas, the number of captures peaked in young sites, in contrast to smooth newts, which avoided young sites. Significant (p < 0.05) differences in the capture rates of great crested newts were found between the youngest and oldest sites, while smooth newt captures differed between young sites and sites of intermediate age class (p < 0.05). Interspecific differences were found in intermediate and old age classes (p < 0.01,) but not in the youngest sites (p = 0.058). This pattern was also valid for all three distance classes, i.e. the rare species preferred young forests and the common species older forests regardless of the distance of the forest from the pond. Smooth newts did not show any difference in capture rates between clear-cut areas (1.00 ± 0.356) and all the other sites (1.15 ± 0.136; Mann-Whitney U-test: n, df, p = 0.584).However, in the case of the smooth newt, the division of the data into different distance classes revealed more details of their general habitat use. As noted earlier, captures of the smooth newt peaked slightly at intermediate aged sites, but this pattern was only verified from zone one, (i.e. 0 -25 m).
Newt species captures differed markedly between the age classes with a different understory cover. The main difference between the species was in the middle-aged and older stands with a low understory cover; those sites were strongly avoided by great crested newts but not by smooth newts. In the intermediate aged and older forests, great crested newts occurred almost exclusively on sites where the understorey cover was high (p < 0.01). Within the lowest cover class (< 46 % cover), more great crested newt captures were recorded in the youngest sites compared with the intermediate and older sites (p = 0.007 and p = 0.004, respectively).
Smooth newts were captured most frequently from the old forest sites with high ground cover vegetation (> 63 % cover). Captures from these favored sites were significantly different from older sites with low ground cover (p = 0.012) and from the younger sites with high ground cover (p = 0.024). Among the youngest sites, intermediate ground cover had lower capture rates compared to low (p = 0.019) and high ground cover classes (p = 0.037). In the intermediate ground cover class the amount of captured smooth newts increased significantly from the youngest to medium-aged sites (p = 0.004).
In the youngest sites, great crested newts clearly favored sites with high shelter-providing vegetation compared to smooth newts (p = 0.006). In medium-aged sites with low ground cover vegetation, smooth newts outnumbered great crested newts (p = 0.018). Within the oldest sites, more of both species were captured when ground cover increased from the lowest to the highest level.
Connectivity, IV
The change from the historic to the current landscape was noticeable as the number of ponds with the lowest incidence of occupancy more than tripled from 41 to 127, while the number of ponds with a high incidence of occupancy was reduced by approximately 50%. The number of ponds with the lowest incidence of occupancy continued to increase under both future landscape scenarios, although the numbers were only slightly greater in the shorter 60-year logging rotation scenario as compared with the 80-year logging rotation scenario. Following the sharp past-present drop in the number of ponds with the highest incidence of occupancy, numbers remained constant under the future landscape scenarios.
Prior to the start of intensive human activities, 94 % of the ponds had a incidence of occupancy value greater than the "worst" presently observed breeding pond (0.4). In the current and future landscapes, the proportion of ponds above this threshold varied between 50-52 %. In contrast, the future scenarios with different logging rotations had only minor effects on the pattern of incidence values of the ponds.
Average extinction probabilities (at pond level) decreased fundamentally with increasing incidence category in all landscapes. The difference in extinction probability between the highest and lowest incidence categories was about six-fold in the past, but increased to 20-22-fold in the current and future landscape scenarios. There was more variation in the extinction values than in the colonization values among the different categories.
Ponds were divided based on their extinction and colonization probabilities. The difference in proportion of the worst ponds (low C, high E) was more than six-fold between the historic and future B landscapes while the proportion of best ponds (high C, low E) in the future B landscape was 50 % lower than in the historic landscape.
The ponds were classified into three groups based on the mean number of ponds that stayed colonized (i.e. successful breeding) in the 20 time steps (years): >10 consecutive successful breedings, 1-10 consecutive successful breedings and <1 consecutive successful breeding. The proportion of ponds where the modeled reproduction of newts was successful in more than 10 successive time steps dropped from 25% in the historic landscape to 11 and 10% in the current and future landscapes respectively. The proportion of ponds where reproduction failed repeatedly increased from 8 % in the historic landscape to 51 % in the current and future landscapes.
DISCUSSION
Oviposition, I
Ephemeral ponds show high inter-annual variability in duration, frequency, depth, temperature and timing of seasonal flooding (Pyke 2004) . Study I has shown that the variability of the pond hydrological system seriously hampered the habitat quality for the newts. One of the study ponds has frequently been shown to have one of best breeding success rates in Eastern Finland (V. Vuorio et al., unpublished data) . However, as a result of the exceptionally low snow cover in the previous winter of this study, the pond did not receive the normal amount of melt water and the pond was completely dried up by mid-July resulting in total larvae mortality.
Hydroperiod has been earlier identified as a critical element in amphibian species richness, productivity and successful metamorphosis in natural amphibian populations (Semlitsch and Wilbur 1988 , Pechmann et al. 1989 , Snodgrass et al. 2000 , Paton and Crouch 2002 . In addition to hydroperiod per se, I documented the importance of hydrodynamics during the egg period. Since eggs are unable to travel, it is critical that water remains present at the oviposition site until hatching has taken place. In this respect, a sufficient water depth at the oviposition site to keep eggs submerged is the most important factor for the egg survival.
I found that the importance of abiotic factors increased the later the egg was laid. Early season eggs showed the best survival rates. This success is determined by climatic factors, temperature and water level, which in turn are regulated by rainfall, amount of snow, permeability of the bottom of the pond and the water storage in the surroundings (Leibowitz and Brooks 2008) .
Early season breeders showed the best success rate, but their arrival to ponds is limited by the rains and temperature (Verrell and Halliday 1985 , Semlitsch et al. 1993 , Griffiths 1997 , Murton 2009 ). At the beginning of the field season some of our ponds were almost completely free from ice, but no newts were present. They started to arrive around mid-May, following the first rains.
The results of this study suggest that newts are adept at optimizing oviposition site selection to minimize the risk of desiccation. There were only a very small number of eggs found in shallow water areas. In addition, newts stopped breeding much earlier in the pond that had a significant drop in the water level.
The resource use of large-and small-bodied newts is significantly different . A replication of study I is needed so that species can be separated to better determine interspecific differences. In practice, one solution would be to cut the piece of the leaf with the laid egg and to store it in the same pond under the water in a small numbered container that has good ventilation. After hatching, identification of the species would be easy and the individual could then be released into the same pond. This would give additional information at the species level in regard to hatching rate, preferences concerning timing, depth, oviposition, plant species and exposition.
Breeding success, II
Herb-rich forests (coniferous or mixed) in the surroundings of a pond were the habitat features that best explained breeding success. In effect, herb-rich forests provide hiding places from predators, shelter from desiccation and an abundance of nutrition for great crested newts . These factors would seem to improve the survival of individuals in the vicinity of the ponds and result in higher breeding in the ponds, in comparison to ponds that have other types of forest in their surroundings. Interestingly, the proximity of forests have been found to be critical for newt occupancy and the maintenance of larger populations in Central Europe (Denoël and Lehmann 2006 , Denoël and Ficetola 2007 , 2008 . Herb-rich lush forests provide cover for the newt on the shores of their breeding ponds; a general pattern consistent across different biogeographical zones in Europe.
The shape of the response curve suggests there is an ecological threshold in regard to the area of herb rich forests that the newts prefer or need, i.e. approximately 1ha. Below this threshold, the area of suitable terrestrial habitat acts as a limit to the breeding of the great crested newt. Ponds with less than 1 ha of herb rich forest in their close vicinity appear to be sub-optimal environments for the great crested newt.
There was a positive relationship between the high proportion of broadleaved trees in a forest stand and breeding success in the great crested newt. This relationship may be explained by the large amounts of leaf litter provided by the broadleaved deciduous trees, which leads to an increase in the soil pH and in the amount of nutrients and invertebrate prey items on the ground (Wareborn 1992 , Ponge 2003 , and a subsequent increase in the number of adults and breeding activity. In contrast, breeding success in the young forests was lower.
Unsuitable habitats appeared as the third most important habitat variable in the model. As expected, this compound variable showed a negative relationship with breeding success. Interestingly, the importance of this effect only became apparent after the additive stacking of all unsuitable habitats; individually they did not show any statistical significance due to the high variability and small surface areas of these habitats.
I investigated how the breeding success of the great crested newt can be explained by the spatial variables commonly used in metapopulation studies, namely the area and isolation of a pond, in comparison to terrestrial habitat factors. The results showed that the pond area and the number of all ponds, with or without the great crested newt, within a radius of 500 m (reflecting the isolation of the pond) are poor predictors of the reproductive success of the great crested newt in our study area. This was particularly evident when the amount of explained deviance was compared. GAMs with pond area, isolation or both explained four to five times less variation in breeding success than the GAM with the five habitat variables. Thus, it appears that pond area or isolation may not be reliable predictors of the best reproductive sites for the great crested newt in forest-dominated boreal landscapes.
In a similar vein, Pellet et al. (2007) found the connectivity of habitat patches had a surprisingly small effect on the colonization extinction dynamics of amphibians. One reason for the absence of area or isolation effects may be that established populations of long lived amphibians are relatively stable as long as the habitat remains largely undisturbed. In such situations, extinction and colonization events do not become apparent within the short time frame of most ecological research. Marsh and Trenham (2001) argued that the isolation effect of a pond may be strongest in areas where the surrounding terrestrial habitats are highly altered. Moreover, they suggested that isolation effects may actually be better explained by the distribution of terrestrial habitat than by the isolation of breeding ponds themselves. The findings of this study are concordant with the conclusions of Pellet et al. (2007) and Marsh and Trenham (2001) , and suggest that the study area and corresponding forest-dominated boreal landscapes represent less disturbed environments for amphibians than the denselypopulated central and southern European regions.
Terrestrial habitat use, III
The comparisons between rare and common newt species revealed some clear patterns. It was found that, in the surroundings of the breeding ponds, patch properties had a major influence on the occurrence of both species in a patch. Understory shelter was decisive but forest age also mattered. It was also found that the longer the distance from the breeding pond, the more selective the species became in their habitat choice. The rare species, in particular, always seemed to require understory vegetation shelter although not necessarily old forest.
Shelter-providing vegetation provides protection against water loss and thermal stress (Mazerolle and Desrochers 2005) . The importance of ground cover was clearly visible within all the distance classes separately, and by the fact that no great crested newts were captured from treeless clear-cut areas. The combination of age and ground cover together revealed essential interactions; the greatest difference in newt captures was found in old forests between low and high vegetation cover. This suggests that the age or canopy cover of the forest alone is not an adequate factor to determine the quality of the terrestrial habitat of newts. More important is the cover of vegetation that provides direct shelter on the forest floor. Newts have been found to use ground-covering objects, such as grass tussocks, logs, or burrows as land refuges. Newts return to these refuges during the day after nightly movements or use the refuges for aestivation and overwintering (Jehle 2000 , Schabetsberger et al. 2004 .
At the start of the study, I anticipated that newts would avoid recently clear-cut areas and would be found in increased numbers along a forest chronosequence, with numbers peaking among the oldest forests. As expected, clear-cuts were devoid of great crested newts in this study, although a somewhat surprising decreasing trend in great crested newt captures was observed with increasing age of the forest, while smooth newts clearly favoured intermediate and older sites. However, smooth newts did not show any difference in captures in clearcuttings compared with all the other sites.
The results of this study showed that within ten years of clear-cutting the sites were already used frequently by the newts. Ash (1997) found that salamanders returned to clearcut areas after 4-6 years following rapid growth of understory vegetation, which creates favorable microclimatic conditions on the forest floor (Brooks and Kyker-Snowman 2008) . In spite of the relatively low canopy covers, these young sites probably have a sufficient ground layer to provide shelter to newts (for cover data, see Lakka and Kouki (2009) ).
The distance of the habitat from the pond had a major effect on newt abundance. The number of captures in the vicinity of the ponds was more than double compared with captures 50-75 m away from the shoreline. Since the terrestrial habitats around the ponds are often inhabited by the newts and since they have a clear preference for specific habitats, our results support the concept of maintaining buffer zones around the breeding ponds. The highest numbers of smooth newts were found in old forests, with a dense field layer vegetation of herbs and grasses. These conditions are best met if forests are not intensively managed and, in particular, if clear-cuttings are avoided. However, the maintenance of a herbaceous field layer may require the creation of small-scale gaps in the canopy to avoid an overly dense canopy cover that is typical for even aged monoculture forests.
In general, the understory vegetation is influenced by the dominant tree canopy cover composition and structure via modifications of resource availability such as light, water, and soil nutrients together with the physical characteristics of the litter layer (Barbier et al. 2008) . Single-tree selection has been shown to maintain mixed multi-storied stands with more diverse understory vegetation (Smith et al. 2008 , Zenner et al. 2011 , Duguid and Ashton 2013 . Instead of planting spruce monocultures in the vicinity of the breeding ponds, consideration of the use of single-tree selection as a forest-harvesting method may be worthwhile to improve the quality of the terrestrial habitats.
In addition to habitat type, the width of the buffer zone is highly important. This zone should extend far enough to include all habitats at different life stages (Semlitsch and Bodie 2003) . The interaction of distance and understory cover showed that the occurrence patterns of great crested newts were not similar in all zones. To facilitate movement of the newts, clear-cuts should not be applied within the buffer zones. Furthermore, soil scarification is likely to be extremely harmful for the great crested newts as it destroys the protective ground vegetation.
The effect of forest management in terms of canopy age was contrary to initial predictions. The common species avoided the young age classes created by loggings while the rare one favoured them. The reasons for this difference in behavior patterns cannot be directly deduced from the data and was somewhat unexpected. Differences in food resources, humidity, or avoidance of the same habitats by the smooth newts in the presence of great crested newts might lie behind the pattern. However, factors other than canopy age probably determine the terrestrial habitat use of great crested newts.
Connectivity, IV
Metapopulation studies have traditionally emphasized the importance of connectivity (Hanski and Ovaskainen 2000 , Eycott et al. 2012 , Van Buskirk 2012 . However, habitat loss and degradation seem to be more important factors for the great crested newt (see also Nystrom et al. 2007 ). The increasing intensity of forestry and the introduction of fish into the ponds strongly decreased the incidence of occupancy, i.e. how often the species can breed successfully in a pond. The reason for the trend is the dramatic decrease in the "reproductive capacity" of ponds (i.e. increase in extinction E in the model).
The studied species probably faced the greatest habitat loss when modern forestry was introduced in the mid 20 th century. This change very likely decreased connectivity via habitat deterioration. Fish introduction via the drainage networks destroyed the breeding ponds and, thus, increased extinction rates in the modelled landscapes. Amphibians have been shown to be sensitive to habitat alteration, (Ficetola and De Bernardi 2004) and to the introduction of fish (Joly et al. 2001 , Skei et al. 2006 , Hartel et al. 2007 ). Hecnar and McLoskey (1996) presume that amphibian declines largely originate from reduced opportunities for colonization together with the increased frequency of extinction.
Habitat degradation with increased E appeared to be the key factor that affected the amphibian population network in the landscape. However, extinction and colonization are linked; an increase in E has severe consequences on the colonization potential of the metapopulation. Decline and extinctions of amphibian populations largely result from the low recruitment of dispersing individuals (Vos and Chardon 1998, Bulger et al. 2003) . The loss of suitable breeding ponds has apparently led to a sparser current pond network, thus, blocking the recruitment of ponds, which had a negative effect on breeding pond distribution at the landscape level.
Future landscape scenarios suggest only relatively minor changes in landscape quality compared with the current state of the study region. However, the predicted change between the current and future scenarios emphasized the importance of habitat connectivity. The lowest landscape-level incidence was in the most disturbed landscape, i.e. in the future 60-year logging rotation scenario, which resulted in a decrease in colonization. The reason for the notable decrease in the quality of the landscape was found to be due to the increase in the number of ponds in the lowest incidence category associated with increasing forest use intensity.
CONCLUSIONS AND FINAL REMARKS
Oviposition, I
The biggest future threat is likely to be climate change. In southern Finland the number of days with snow cover together with the snow water equivalent are expected to decrease significantly in the future (Jylha et al. 2008 , Jylhä et al. 2009 , Raisanen and Eklund 2012 . Climatic conditions are predicted to have dramatic effects on ephemeral pond hydrology (Brooks 2004 , Leibowitz and Brooks 2008 , Brooks 2009 , Hartel et al. 2011 ). More studies though, are needed to enhance our understanding regarding the response of boreal ephemeral ponds and their biota to climate change. The model used for the effect of cumulative heat summation for oviposition in article I has been developed for this purpose. The water balance of the breeding ponds should be studied and modeled in detail in order to be able to define which populations face the greatest risk due to the temporal variation of the hydroperiod. Gustafson et al. (2011) concluded that the occurrence patterns of the great crested newt may be predicted by the terrestrial habitat characteristics of the surrounding landscape. I agree with this conclusion. In article II it is shown that the reproductive success of the newt species is intimately related to habitat factors, in particular the abundance of herb-rich forests and deciduous trees. This is an important finding, because presence-absence occurrence data do not necessarily predict the viability of a population in a patch, whereas from an ecological perspective the abundance of juvenile newts and the underlying environmental drivers may provide a useful basis for the separation of stable populations from ones in decline, and for the prediction of suitable locations for as yet undiscovered viable newt populations.
Breeding success, II
Terrestrial habitat use, III
Article III showed that the combination of tall trees and dense understory cover forms the most attractive habitat for the newts in the forested landscape. Thus, to facilitate movement in terrestrial habitats, the maintenance of protective vegetation around the breeding ponds is essential. If natural canopy openings are rare due to planted monocultures, small-scale habitat restoration or selective cuttings may be needed to maintain a diverse herbaceous layer that provides ground-level shelter.
It was also found that there are notable differences between the two newt species. It appeared that the rare species -the great crested newt -seemed to be less tolerant to changes in sheltering vegetation. At long distances from the breeding ponds, the species almost exclusively occurred on sheltered sites only, whereas the smooth newt was still quite common in exposed habitats. This observation suggests that facilitation of the dispersal of the rare species requires that careful attention be paid to forest structure between ponds. It is quite likely that species cannot disperse over long distances if sheltering vegetation is absent. Although fixed-width buffers are administratively simple to implement and monitor, my results suggest that site-specific consideration of buffer width would benefit the newts, particularly when highly suitable habitats from areas further afield are also included.
Connectivity, IV
The importance of landscape configuration was shown to be of great importance in the future scenario with the shortened logging rotation. The results from article IV are in line with Marsh and Trenham (2001) who observed that pond isolation had more importance in disturbed environments. This might be explained by the distribution of terrestrial habitats, rather than by the distribution of suitable breeding ponds. If the human impact on the environment is increased, the importance of habitat configuration becomes more important, thus underlining the importance of landscape-level conservation planning. However, the disturbance in the study areas has a temporal dimension. Disturbance is not permanent destruction in this case. Forests are logged, but will regenerate and are accepted as dispersal routes within ten years. This in turn emphasizes the importance of stable breeding ponds and the distance between them.
Knowledge in regard to long-distance dispersal of the great crested newt is unfortunately limited, and the dispersal ability of amphibians is generally underestimated (Smith and Green 2005) . It is also possible that the impact of isolation has not been fully quantified (for extinction debt, see Tilman et al. 1994) due to relatively recent land use changes by drainage of mires for forestry purposes, which has destroyed breeding habitats by desiccation, overgrowing and fish dispersion. The great crested newt has only faced these land use threats in the last 50 years, and therefore has a relatively short history of rarity. Such species are expected to have a greater risk of extinction, compared to species with a longer history of rarity (Gaston and Kunin 1997) .
Conservation
My main aim was to provide new and useful information to be able protect the endangered great crested newt efficiently. All the life stages from egg to adult, in both aquatic and terrestrial habitats have been covered in this study. Based on my results and observations, it is possible to define favorable sites for the restoration of old or the excavation of new ponds, delineate the borders of conservation areas and buffer zones.
Based on the results here, the construction of new artificial ponds can be targeted at the most promising sites, where the water level should stay relatively stable during spring time to prevent desiccation of the eggs. Artificial ponds have been found to be an effective method to mitigate the negative impacts of human activity upon many amphibian species, including the great crested newt (Rannap et al. 2009 ). My results corroborate earlier recommendations to coordinate the management planning of both aquatic and terrestrial habitats when targeting successful conservation of amphibian species (Denoël and Lehmann 2006, Gustafson et al. 2011) . For the great crested newt in boreal forests, this means that the conservation of the breeding ponds is not sufficient alone, but that forestry practices in the vicinity of the ponds also need to be adjusted so that the species and its habitat are maintained. In practice this means that herb-rich forests in the vicinity of the ponds should be preserved and deciduous trees should be favored in other forest types, so that forest management should not result in open, sunny forest floors with a loss of food resources and hiding places for the great crested newt.
This study has also shown that tall trees, together with a high understory cover form the most attractive habitat structure for the newts in the forested landscape. Thus, the maintenance of protective vegetation around the breeding ponds is essential to facilitate movement in terrestrial habitats. If natural canopy openings are rare due to planted monocultures, small-scale habitat restoration or selective cuttings may be needed to maintain a diverse herbaceous layer that provides ground-level shelter.
The results also showed that the rare species -the great crested newt -seemed to be less tolerant to changes in sheltering vegetation. At long distances from the breeding ponds, the species almost exclusively occurred on sheltered sites only, whereas the smooth newt was still quite common in exposed habitats. This observation suggests that facilitation of the dispersal of the rare species requires careful attention in order to maintain suitable forest structure between ponds. It is quite likely that species cannot disperse over long distances if sheltering vegetation is absent. Wiens (2006) suggested that the conservation of a habitat area is important; if a habitat is not yet fragmented. If a habitat is highly fragmented due to land use, one should also focus on restoration of the habitat area because a small increase in quality and quantity can make a difference. Between these two extremes, it is highly important to reduce the deleterious effects of fragmentation by focusing on the habitat connectivity in the landscape matrix (Wiens 2006) . For amphibians, the matrix also has a high conservation value since it is the main habitat for dispersing juveniles and for adults navigating to their hibernation sites.
Forest management that favors short rotation times may cause an additional threat to the persistence of great crested newt populations, particularly if it leads to more disrupted dispersal routes, thus increasingly the isolation of the suitable breeding ponds from one another. In effective landscape management, the limited resources should be invested wisely in order to gain the greatest biodiversity return. Conservation efforts must be targeted in securing the core areas. Therefore, all forestry actions that potentially increase the extinction risk (E) must be considered carefully. It is evident that fish should not be allowed to colonize fishless ponds via new ditches or introductions (Joly et al. 2001 , Skei et al. 2006 , Hartel et al. 2007 . The water quality of the ponds should not decrease due to logging or ditching activities. Furthermore, logging in the vicinity of breeding and potential breeding ponds should be avoided or completed using selective cutting (Halley et al. 1996 , Vuorio et al. 2015 . The canopy layer and understory vegetation must not be disturbed since it should offer enough shelter for the newts against predators and from desiccation (Halley et al. 1996 , Gustafson et al. 2009 , Vuorio et al. 2013 , Vuorio et al. 2015 .
Actions that increase the colonization probability (C) must be actively encouraged. Above all, connectivity between the core area ponds and the prevailing good quality ponds should be ensured. Increasing connectivity, per se, might not always be justified. For example, an increased connectivity between two low quality ponds with a high E may be a low priority. Thus, increasing the connectivity between high quality habitats should be set as a target.
Can the great crested newt survive in managed forest landscapes? The answer is yes, as long as the status of breeding ponds has not deteriorated, there are sufficiently wide buffer zones left around the breeding ponds, forest practices are modified in the inter-pond matrix so that the canopy cover remains, and pond restoration and the excavation of new ponds at carefully selected sites are prioritized.
